Objective-The purpose of this study was to define heterogeneity in the molecular profile of lipids, including sphingomyelin and sphingosine-1-phosphate, among physicochemically-defined HDL subpopulations and potential relevance to antiatherogenic biological activities of dense HDL3. Methods and Results-The molecular profile of lipids (cholesteryl esters, phospholipids, sphingomyelin, and sphingosine-1-phosphate) in physicochemically-defined normolipidemic HDL subpopulations was determined by high-performance liquid chromatography and gas chromatography. As HDL particle size and molecular weight decreased with increment in density, molar lipid content diminished concomitantly. On a % basis, sphingomyelin abundance diminished in parallel with progressive increase in HDL density from HDL2b (12.8%) to HDL3c (6.2%; PϽ0.001); in contrast, sphingosine-1-phosphate was preferentially enriched in small HDL3 (40 to 50 mmol/mol HDL) versus large HDL2 (15 to 20 mmol/mol HDL; PϽ0.01). Small HDL3c was equally enriched in LpA-I particles relative to LpA-I:A-II. The sphingosine-1-phosphate/sphingomyelin ratio correlated positively with the capacities of HDL subspecies to attenuate apoptosis in endothelial cells (rϭ0.73, PϽ0.001) and to retard LDL oxidation (rϭ0.58, PϽ0.01). Conclusions-An elevated sphingosine-1-phosphate/sphingomyelin ratio is an integral feature of small dense HDL3, reflecting enrichment in sphingosine-1-phosphate, a key antiapoptotic molecule, and depletion of sphingomyelin, a structural lipid with negative impact on surface fluidity and LCAT activity. These findings further distinguish the structure and antiatherogenic activities of small, dense HDL. (Arterioscler Thromb Vasc Biol. 2007;27:1843-1849.) 
L ow circulating levels of high density lipoprotein (HDL)cholesterol (HDL-C) constitute a major independent and predictive cardiovascular (CV) risk factor; in contrast, elevated HDL-C concentrations may be atheroprotective. 1 Indeed, HDL particles possess multiple antiatherogenic properties, including cellular cholesterol efflux capacity as well as antiapoptotic, antioxidative, antiinflammatory, and vasodilatory activities. 1 Such diversity in biological function is intimately related to the marked heterogeneity of HDL particles, which present as a continuum of subpopulations distinct in physicochemical properties, structure, and intravascular metabolism.
The biological activities and atheroprotective function of HDL are inseparably linked to the physicochemical properties of both lipid and protein moieties, and equally to particle structure. Indeed, small, dense, lipid-poor HDL particles possess elevated capacities to accept cellular cholesterol, 2 to inhibit cellular expression of adhesion molecules, 3 and to protect LDL from oxidation 4 as compared with large, light, lipid-rich HDL. The intravascular metabolism of lipid components of HDL is regulated by cholesteryl ester transfer protein (CETP), lecithin:cholesterol acyltransferase (LCAT), phospholipid transfer protein (PLTP), lipoprotein lipase (LPL), hepatic lipase (HL), and endothelial lipase (EL). As a result, HDL lipids represent complex mixtures of multiple molecular species of phospholipids (PL), cholesteryl esters (CE), triacylglycerols, and partial glycerides which differ in their fatty acid composition, in addition to free cholesterol (FC) and lipophilic vitamins. 1 The abundance of individual molecular species of CE in HDL reflects esterification of FC by LCAT, but equally removal of HDL CE by cellular receptors, primarily by scavenger receptor class B type I (SR-BI), and by CETP, which transfers CE to apoBcontaining particles, including very low density lipoprotein (VLDL), VLDL remnants, and low density lipoprotein (LDL), in exchange for triglycerides (TG). 1 As key determinants of core lipid abundance and composition, LCAT and CETP activities regulate the maturation of nascent HDL to spherical particles, and thereby modulate HDL heterogeneity and function. Similarly, the content of PL molecular species in the HDL particle surface can be modulated by transfer or exchange with cell membranes and lipoproteins facilitated by PLTP, and by the actions of plasma and lipoproteinassociated phospholipases, HL, and EL. 1 Among HDL sphingolipids and their metabolites, sphingosine-1-phosphate (S1P) functions as both an extracellular and intracellular signaling mediator in the regulation of diverse biological processes, 5 whereas sphingomyelin (SM) is a major structural PL in HDL, but equally a determinant of CE content by virtue of its action as an inhibitor of cholesterol esterification by LCAT via diminished fluidity of the surface monolayer. 6, 7 These bioactive lipids may therefore directly impact not only the atheroprotective activities but also the intravascular metabolism of HDL particles. Given our lack of knowledge of the potential relationships between the lipid components of HDL particles and their antiatherogenic activities, we evaluated molecular species of major lipids, including S1P and SM, in normolipidemic HDL subpopulations. These studies identified small dense HDL3 as preferentially S1P-enriched, SM-poor particles, thereby providing a plausible structural basis for their potent antiapoptotic and antioxidative activities. 8
Methods
Lipoproteins were preparatively fractionated by isopycnic density gradient ultracentrifugation from normolipidemic human serum or EDTA plasma as previously described. 9, 10 Five major subfractions of HDL were isolated, ie, large light HDL2b (d 1.063 to 1.090 g/mL) and HDL2a (d 1.090 to 1.120 g/mL), and small dense HDL3a (d 1.120 to 1.150 g/mL), HDL3b (d 1.150 to 1.180 g/mL), and HDL3c (d 1.180 to 1.210 g/mL). The validity and reproducibility of this density fractionation of HDL particle subspecies has been extensively documented. 9,10 Details of blood samples and characterization of lipoproteins and statistical analysis are available online at http://atvb.ahajournals.org.
Results

Plasma Concentrations and Physicochemical Characteristics of HDL Particle Species
On a molar basis, large light HDL2a and small dense HDL3a subclasses predominated in normolipidemic subjects; HDL subclass concentrations decreased in the order HDL2a ՆHDL3a ϾHDL2b ϾHDL3b ϾHDL3c (supplemental Table  II ). Molecular weights and particle diameters diminished in parallel with increment in HDL density from HDL2b to 3c (supplemental Table II ). Progressive reduction in HDL particle size with increase in hydrated density was associated with progressive elevation in protein content and in surface/ core ratio; reduction in size was equally accompanied by diminution in core neutral lipid content (Ͻ50 mol CE and TG per HDL particle in HDL3b and 3c), consistent with the marked predominance of surface components in small dense HDL (supplemental Tables II and III) .
Molecular Lipid Species in HDL Particles
Molar particle content of CE, FC, and of PL subclasses including phosphatidylcholine, phosphatidylethanolamine, phosphatidylinositol, SM, and lysophosphatidylcholine showed a marked tendency to decrease progressively in parallel with increase in hydrated density from HDL2b to HDL3c. Indeed, particle content of CE, FC, and all PL subclasses on a molar basis was significantly lower (PϽ0.05) in small HDL3b and 3c versus large HDL2b and 2a particles (Table) . Furthermore, small HDL3c contained significantly less phosphatidylcholine, phosphatidylethanolamine, phosphatidylinositol, SM, lysophosphatidylcholine, and FC relative to HDL3b on a molar basis. Interestingly, no such differences were evident between HDL subspecies when data for CE, phosphatidylcholine, phosphatidylethanolamine, phosphatidylinositol, and lysophosphatidylcholine were expressed as a percentage of total lipids (Table) . Indeed, CE content was maintained in the range 37.9 to 50.5% across HDL subspecies; with respect to PL subclasses, phosphatidylcholine varied from 33.8 to 40.8%, phosphatidylethano- lamine from 0.7 to 1.0%, phosphatidylinositol from 2.8 to 5.1%, and lysophosphatidylcholine from 0.5 to 0.6%. SM constituted an exception, however, as the proportion of this lipid decreased progressively in parallel with HDL density from 12.8% in HDL2b to 6.2% in HDL3c ( Figure 1A) . Consequently, the SM/phosphatidylcholine ratio decreased from 0.62 in HDL2b to 0.14 in HDL3c, consistent with earlier data 11 in total HDL2 and HDL3. The depletion of SM in small HDL was not associated with elevated sphingomyelinase activity, as no such activity was detected in HDL subfractions (data not shown), consistent with earlier data. 12 As for SM, FC content decreased 2-fold from 8.2% in HDL2b to 4.2% in HDL3c (Table) . Interestingly, the CE/FC ratio significantly increased with HDL density from 4.3Ϯ0.6 in HDL2b to 10.2Ϯ2.1 in HDL3c (PϽ0.001).
When HDL particle contents of molecular species of CE and phosphatidylcholine were evaluated, cholesteryl linoleate predominated among CE, with a tendency to enrichment in HDL3c (supplemental Table IV) . Similarly, cholesteryl arachidonate, the minor ester, tended to be more abundant in HDL3b and 3c. As in the case of PL subclasses, the absolute molar content of each CE species diminished in parallel with diminution in the molecular weight and particle size from HDL2 to HDL3 subfractions (supplemental Table IV ).
The 18:2/16:0, 18:2/18:0 and 20:4/16:0 species of phosphatidylcholine predominated in all HDL particle subclasses, representing 17.3 to 20.3, 6.7 to 8.3, and 4.3 to 6.0%, respectively of total lipids (supplemental Table IV ). Similarly, percentage content of minor PL species containing arachidonic (20:4/16:0 and 20:4/18:0) and docosahexaenoic (22:6/16:0 22:6/18:0) acids were relatively constant across the HDL particle spectrum (6.8 to 9.3% and 2.6 to 3.1%, respectively).
When lipid moieties of HDL particle subspecies were analyzed on the basis of their total fatty acid content, thereby including all PL, CE, and TG fatty acid residues, the % distribution of saturated (SFA), monounsaturated (MUFA), and polyunsaturated (PUFA) n-6 and n-3 fatty acids was indistinguishable between HDL particle subspecies (supplemental Figure II ). n-6 PUFAs preponderated in all subfractions (45% to 50% of total), with lesser abundance of SFA (30% to 35%), MUFA (12% to 15%), and n-3 PUFA (Ͻ5%). Notwithstanding such marked similarities in overall fatty acid profile among HDL subfractions, absolute molar contents of fatty acids were significantly lower in small HDL3b and 3c (PϽ0.05) as compared with the larger HDL2b, 2a, and 3a subfractions (supplemental Figure II) .
S1P
Among the minor bioactive lipid components, the abundance of S1P per HDL particle was asymmetrical across the HDL spectrum, with preferential enrichment (40 to 50 mmol/mol HDL) in HDL3 as compared with HDL2 subfractions (15 to 20 mmol/mol; Figure 1 ). For example, S1P was 3-fold enriched in HDL3c (approximately 1 mole per 17 HDL particles) as compared with HDL2b (approximately 1 mole per 50 HDL particles). By contrast, no considerable difference was detected in the content of S1P between HDL3a, 3b, and 3c subfractions. HDL molar content of S1P negatively correlated with weight % content of SM (rϭϪ0.73, Pϭ0.002; Figure 2A ) and positively correlated with that of apoA-I (rϭ0.63, PϽ0.001; Figure 2B ) and total protein (rϭ0.70, PϽ0.001) as well as with the HDL surface-to-core ratio (rϭ0.70, PϽ0.001). As a result, the S1P/SM molar ratio increased (PϽ0.001 for trend) from 0.28Ϯ0.96 mmol/mol in HDL2b to 11.0Ϯ0.86 mmol/mol in HDL3c.
Protein Moieties of HDL Particle Species
The particle content of apoA-I fell progressively from a maximal level of approximately 4 mol/mol in HDL2 to a particle average of 2.5 mol/mol in HDL3c (supplemental Table V ); HDL subfraction content of LpA-I decreased in a Table. B, Representative HPLC chromatograms of S1P in the HDL2a and HDL3c subfractions. One hundred L of HDL solution (0.5 mg HDL mass per ml) were mixed with C 17 -S1P (15 pmoL) as internal standard and the mixture was processed as described in the Materials and Methods section. similar manner. By contrast, maximal particle contents of apoA-II occurred in HDL2a and 3a (1.1 to 1.4 mol/mol), a finding consistent with the predominance of LpA-I:A-II particles in the HDL2a and 3a subfractions, in which the abundance of LpA-I:A-II was 2-to 3-fold greater than that of LpA-I (supplemental Table V) . Interestingly, and consistent with earlier published data, 13 the molar ratio of apoA-I to apoA-II was highest in the largest and smallest HDL particles, respectively (HDL2b, 5.59Ϯ2.09; HDL3c, 6.89Ϯ4.23), thereby attesting to their preferential apoA-I enrichment. Consistent with these data, the highest ratio of LpA-I/LpA-I:LpA-II was seen in the HDL2b and HDL3c particles (supplemental Table V) , confirming an earlier report. 14 LpA-I:LpA-II particles were more abundant than LpA-I in all HDL subfractions (LpA-I/LpA-I:LpA-II ratio Ͻ0.67).
Quantitatively minor HDL apolipoproteins including apoC-II, apo C-III, and apoE are key determinants of HDL metabolism. Although apoC-II was detected in all HDL subclasses, it was preferentially enriched (up to 3-fold) in large light HDL2b (0.85 mol/mol versus 0.24 to 0.37 mol/mol in other subclasses; supplemental Table V) . ApoC-III was equally enriched in HDL2b (1.5 mol/mol); in contrast to apoC-II, however, apoC-III content fell markedly with increase in density, resulting in an elevated apoC-II/apoC-III ratio in small dense HDL3b and 3c subfractions (1.23 and 3.68 mol/mol respectively; supplemental Table V ). By contrast, no significant difference in the content of apoE was found between HDL subfractions.
Enzymatic Activities
PON1 activity of HDL subfractions with phenyl acetate as substrate increased in the order HDL2bϽHDL2aϽHDL3aϽ HDL3bϽHDL3c (supplemental Table VI ). PON1 activity to paraoxon was similarly distributed among HDL subfractions (data not shown), consistent with earlier data. 15 PAF-AH activity was significantly elevated in the large HDL2b and small HDL3c subfractions; LCAT activity tended to be elevated in the HDL3c subfraction (supplemental Table VI) , consistent with our recent data. 4
Antioxidative Activity of HDL Subfractions
The capacity of isolated HDL subfractions to inhibit LDL oxidation by AAPH increased in the order HDL2bϽHDL2aϽHDL3aϽHDL3bϽHDL3c on a particle mass basis, consistent with earlier data. 4 Small dense HDL3b and 3c subfractions (but not HDL2) decreased the oxidation rate of LDL in the propagation phase (Ϫ27 and Ϫ25%, respectively) and equally prolonged this phase (ϩ37 and ϩ39% respectively).
The capacity of HDL subfractions to inhibit LDL oxidation was significantly correlated with the S1P/SM molar ratio (rϭϪ0.43, PϽ0.05, versus LDL oxidation rate and rϭ0.58, PϽ0.01, versus duration of the propagation phase).
Antiapoptotic Activity of HDL Subfractions
Death of HMEC-1 endothelial cells treated with mildly oxLDL (200 g apoB-100/mL; 4 to 13 mol of conjugated dienes/mol LDL) occurred mainly through an apoptotic process, as suggested by the number of cells exhibiting characteristic morphological nuclear changes, such as chromatin condensation and nuclear fragmentation (data not shown). By contrast, the level of primary necrosis was very low (Ͻ2%) as shown by flow cytometry using the annexin Figure 2 . Correlations between HDL molar content of S1P and wt% content of SM (A), between HDL molar content of S1P and wt% content of apoA-I (B), and between the capacity of HDL subfractions to inhibit HMEC-1 apoptosis and the S1P/SM molar ratio (C). In panel A, SM is expressed as a weight% of the sum of all molecular species of lipids measured by HPLC (PL, CE, FC, lysophosphatidylcholine, and S1P).
V-fluorescein isothiocyanate (FITC)/propidium iodide (PI) test.
Apoptosis and necrosis were quantified as cellular binding of annexin V and staining by PI; indeed, annexin V specifically interacts with phosphatidylserine in the extracellular membrane leaflet of apoptotic cells, whereas PI stains necrotic nuclei. 16 Preincubation with small dense HDL3b and 3c (25 g protein/mL) significantly diminished (Ϫ54%, PϽ0.01, and Ϫ148%, PϽ0.001, respectively) annexin V binding to HMEC-1 induced by oxLDL, whereas large HDL2a and 3a particles were not effective (data not shown). By contrast, large HDL2b was able to significantly inhibit apoptosis in this assay (Ϫ47%, PϽ0.001), an observation potentially related to their elevated content of neutral PL; such PL might replace phosphatidylserine in the outer plasma membrane, thereby attenuating binding of annexin V.
The capacity of HDL subfractions to inhibit HMEC-1 apoptosis was strongly and positively correlated with the S1P/SM molar ratio (rϭ0.73, PϽ0.001; Figure 2C ). By contrast, no significant correlation between the antiapoptotic and antioxidative activities of HDL subfractions measured as above was found (data not shown).
In a separate experiment, normolipidemic human plasma was preincubated without or with S1P (5 mol/L). HDL isolated from S1P-supplemented plasma were enriched in S1P (from 1.8-fold in HDL3c to 2.9-fold in HDL2b, nϭ3). Such S1P enrichment of HDL subfractions consistently enhanced their antiapoptotic activity. Indeed, S1P-enriched HDL2b, 2a, and 3a decreased annexin V binding to HMEC-1 by 30, 35% and 24%, respectively as compared with their nonenriched counterparts; S1P-enriched small dense HDL3b and 3c provided slightly weaker effects (annexin V binding was reduced by 23% and 9%, respectively), consistent with their lower levels of S1P-enrichment (data not shown).
Discussion
Accumulating evidence from both in vivo and in vitro studies involving recombinant as well as authentic HDL particles has revealed that small HDL3 of elevated hydrated density (Ͼ1.125 g/mL) express a spectrum of biological activities which include protection of LDL against oxidative stress, attenuation of inflammation, and elevated cellular cholesterol efflux potential. 8 The mechanistic basis of the antiatherogenic and vasculoprotective actions of HDL particles, and notably the role of their lipid components, is largely indeterminate.
The present lipidomic investigations have revealed that small HDL3 particles are enriched in S1P but poor in SM; the S1P/SM molar ratio increased 4.3-fold from HDL2b to HDL3c. Moreover, small HDL3 potently attenuated apoptosis in endothelial cells and delayed LDL oxidation. The S1P/SM molar ratio was strongly positively correlated with the antiapoptotic and antioxidative activities of HDL subfractions, thereby identifying elevated S1P/SM ratio as an integral feature of antiatherogenic small HDL3 particles. S1P, a bioactive lipid, plays key roles in vascular biology and can be generated from membrane sphingolipids and their metabolites, including ceramide, sphingosine, and SM. 17 S1P functions as a ligand for the family of G protein-coupled S1P receptors present on endothelial and smooth muscle cells, which regulate cell proliferation, motility, apoptosis, angiogenesis, wound healing, and immune response. 17 The origin of HDL-associated S1P is indeterminate as it is primarily formed by the action of intracellular sphingosine kinase on sphingosine. Hydrolysis of SM to ceramide and thence to sphingosine by sphingomyelinase and ceramidase, respectively, could provide sphingosine for this pathway. 18 Sphingomyelinase activity is however undetectable in human HDL subfractions, consistent with earlier data 12 ; HDL S1P may thus be derived from platelets which do not contain S1P lyase and could release S1P into the circulation, 19 or from red blood cells which display minimal S1P lyase activity 20 (Figure 3) . Enrichment of small HDL in S1P might be mechanistically related to the potent capacity of such particles to acquire polar lipids of cellular origin. 21 Alternatively, sphingosine kinase, which may be released from endothelial cells, can convert sphingosine to S1P at the lipoprotein surface. 18 Degradation of S1P to sphingosine by an endothelial cell-derived phosphatase represents another mechanism for potential modulation of HDL S1P content. 22 By contrast, dietary origin of S1P is unlikely because there is no evidence for transport of S1P from the gut into plasma lipoproteins. 23 Figure 3 . Potential sources and metabolism of SM and S1P in HDL particles. ABCA1, ATP-binding cassette transporter A1; CM, chylomicron; EL, endothelial lipase; HL, hepatic lipase; RBC, red blood cells; see text for other abbreviations.
Mechanistically, antiatherogenic action of S1P presumes initial interaction of HDL with cellular surfaces. Cell tethering could be mediated by SR-BI 1 ; subsequently, S1P can exert intracellular effects after either interaction with membrane S1P receptors 5 or internalization as a component of HDL particles. The low abundance of SM in small HDL may enhance the fluidity of its surface monolayer, 24 thereby facilitating selective cellular uptake of lipids, including S1P. Indeed, the positive correlation between HDL S1P content and HDL surface-to-core ratio suggests that S1P is predominantly located in the surface monolayer of HDL and should therefore be accessible for selective uptake. Consistent with this pathway, inhibition of S1P 1 /S1P 3 HDL-associated S1P has been proposed to account for protection of endothelial cells from apoptosis, induction of NO-dependent vasorelaxation, and stimulation of the antiinflammatory expression of transforming growth factor (TGF)-␤. 5 S1P may equally be implicated in potent antiinflammatory activities of small HDL3, such as inhibition of vascular adhesion molecule expression in endothelial cells. 3 Our data indicate that S1P may be significant in the antiapoptotic activity of small HDL; indeed, in vitro enrichment of HDL subfractions with S1P enhanced their cytoprotective properties. Earlier investigations have established that other lysolipids, primarily sphingosylphosphorylcholine and lysosulfatide, may equally contribute to HDL-mediated atheroprotection. 5 By contrast, lysophosphatidic acid (LPA) does not appear to be implicated in the antiapoptotic activity of HDL subfractions because of low LPA abundance, as LPA was undetectable in our HDL subfractions (P. Therond et al unpublished observation, 2007), as reported earlier. 25 The antiapoptotic activity of HDL may be distinct from its capacity to delay LDL oxidation. Whereas the latter activity involves removal of oxidized lipids from LDL on direct contact between HDL and LDL, 26 the cytoprotective action of HDL does not necessitate direct contact between HDL and oxLDL but rather is dependent on preincubation of HDL with cells and ensuing protein synthesis. 27 Moreover, we found no significant correlation between the antiapoptotic and antioxidative activities of HDL subfractions. These data discriminate between cellular antiapoptotic effects of HDL subfractions and their direct effect on oxLDL, strongly arguing for a mechanism of antiapoptotic action independent of the direct antioxidative action of HDL on LDL.
In contrast to the asymmetrical distribution of S1P across HDL subfractions, the quantitative distribution of molecular species of major polar PL was uniform, suggesting that their molecular species are in dynamic equilibrium between HDL subpopulations. LCAT and CETP activity are essential factors in HDL metabolism; the relative preferential enrichment of small dense HDL3c in CE and depletion of FC supports the contention that small HDL may be a major site of cholesterol esterification within the HDL particle spectrum. 28 The diminished SM/phosphatidylcholine ratio in HDL3 is consistent with this proposal, as SM functions as a physiological inhibitor of LCAT. Elevated HDL content of SM might therefore contribute to low HDL-C states; SM-mediated attenuation of lipoprotein lipase activity in TG-rich lipoproteins may further contribute to a low HDL-C phenotype, resulting in reduced release of lipolytic surface fragments to the HDL pool. 29 The distinctly low SM content (as wt%) in small HDL3c suggests that this pool is not in equilibrium with that of other HDL subpopulations, consistent with the slow rate of exchange of SM between lipoproteins and cell membranes. 23 TG-rich lipoproteins may represent a major source of HDL SM which is principally transported to HDL by PLTP as a component of surface remnants. 23 Preferential transfer of SM to large HDL together with its high affinity for free cholesterol 23 might account for SM accumulation in large HDL2 particles (Figure 3 ). By contrast, preferential SM hydrolysis in HDL3 does not appear to contribute to SM depletion, because of the lack of sphingomyelinase activity. Alternatively, the low SM/PC ratio may reflect a distinct cellular origin(s) of small HDL as suggested by low SM content of small nascent HDL secreted by J774 macrophages, which originate from the exofacial leaflet of the plasma membrane. 30 SM content constitutes a critical factor in determining surface pressure in lipid membranes and lipoproteins, enhancing rigidity. 7, 29 Such action is consistent with the capacity of SM to inhibit selective uptake of CE by SR-BI and exchange of FC between plasma membranes and lipoproteins, potentially by inhibiting cholesterol desorption. 31, 32 SM is therefore a key player in cellular cholesterol homeostasis; its depletion in small HDL is thus consistent with the elevated cellular cholesterol efflux capacity of these particles. 21 Moreover, reduced surface pressure in SM-poor small HDL may enhance their capacity to integrate oxidized lipids from other lipoproteins or arterial wall cells, thereby contributing to potent antioxidative activity. 4 Together, these pathways might contribute to the plausible proatherogenic activity of SM and to the antiatherogenic properties of inhibitors of SM biosynthesis. 33 Small HDL3c particles were selectively enriched in LpA-I reflecting enrichment in apoA-I relative to apoA-II. ApoA-I is a key component of HDL cholesterol efflux capacity and antiinflammatory and antioxidative activities, 8, 21, 26 a finding consistent with elevated activities of antiatherogenic PON1, PAF-AH, and LCAT in these particles. 4 Clearly then, small HDL3c particles display unique compositional features.
Finally, small dense HDL3b and 3c were equally characterized by an elevated apoC-II/apoC-III ratio. ApoC-II is an activator of LPL and facilitates lipolysis of TG-rich lipoproteins, whereas apoC-III inhibits this process. 34 Enrichment of small HDL in apoC-II paralleled their depletion in SM, an inhibitor of LPL. 29 Because lipolysis of TG-rich lipoproteins with release of surface constituents is critical for maintenance of the HDL pool, apoC-II enrichment of small HDL particles and low SM content might accelerate their maturation to large HDL, an essential step in HDL metabolism.
In conclusion, our data add a new dimension to the physicochemical and functional heterogeneity of HDL particles and reveal that small dense HDL3c are S1P-, apoA-I-, and LpA-I-enriched, but SM-poor, and that such components can contribute to their potent antiapoptotic and antioxidative activities. 
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